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Background

Stroke is a leading cause of death in the UST and worldwide (www.who.int) and may lead to
considerable neurological sequelae including aphasia, paraplegia and dementia. The
estimated health care costs of stroke in the US exceed $36 billion per yearl. A large body of
evidence supports the association between ambient air pollution exposure and increased
cardiovascular mortality and morbidity2, but only recently have several studies specifically
demonstrated an association with increased stroke risk.

Major sources of air pollution include traffic, power plants and in developing countries,
biomass combustion. Both particles and gases are emitted through combustion. Particulate
matter with aerodynamic diameter <10 um (PM1q) include ultrafine particles (PM1 ), fine
particles (PM> 5) and coarse particles (PM1g_p 5). Ultrafine particles are emitted in fresh
exhaust and coalesce into PM> 5 within a short time frame. PM, 5 includes both local
sources from traffic emissions and domestic heating and regional sources from power plants,
biogenic emissions and traffic whereas coarse particles are a heterogenous mixture that
include road dust, endotoxins, and suspended crustal matter. Carbon monoxide (CO),
nitrogen dioxide (NO,), nitrogen oxides (NOy), sulfur dioxide (SO,) and ground-level ozone
(O3) are gaseous pollutants emitted as a result of combustion processes. CO is mainly
attributed to mobile sources in urban environments and NO, and NOy are rapidly formed in
emissions from combustion sources such as traffic and power plants. The main source of
SO, is from fossil fuel power plants. Ground-level O is formed as a result of atmospheric
reactions of NO, with hydrocarbons in the presence of sunlight and is a major constituent of
photochemical smog. Several of the mentioned pollutants are regulated based on evidence of
adverse health effects3. Possible mechanistic pathways including induction of oxidative
stress, inflammation, atherosclerosis and autonomic dysregulation have been outlined in
detail?~* and are beyond the scope of the current review.
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This review aims to assess the current evidence regarding the association of air pollution
exposure with incidence of ischemic and hemorrhagic stroke considering long-term and
short-term exposure to ambient pollutants.

Long-Term Air Pollution Exposure

Most studies of long-term exposure to air pollution and stroke outcomes have used estimates
of exposure at residential address in months to years as a proxy for long-term accumulated
individual exposure. Exposure has then been assessed using residential distance to major
roadways, measurements from closest available fixed monitor or advanced modeling of
pollutants combining fixed monitoring measurements with land-use data, emissions
databases, traffic density counts and meteorology incorporated into geographical
information systems (GIS). These GIS models can also include population-based data such
as average income level and average smoking prevalence.

Long-term air pollution exposure and stroke mortality

Studies considering long-term exposure to air pollution and stroke mortality have reported
that living in areas with higher ambient pollution is associated with higher risk of stroke
mortality (Table 1). Studies from the UK®: 6 and northwest Florida’ containing large
administrative databases with cause of death, residence, sex and area-based data such as
socioeconomic status, urbanization, smoking prevalence and greenness. Living near a main
road®, traffic sources’, point sources of emissions’ or higher modeled exposure to PM;g, CO
and NO,® were all associated with stroke mortality. Several cohort studies have also studied
the association between long-term exposure to air pollution and stroke mortality8-13. These
studies have more detailed individual-level data that improves the ability to adjust for
potential confounders that may influence the place of residence and the risk of stroke
mortality. Strongest associations were reported in the prospective Womens’ Health Initiative
cohort!! that included well-validated outcome assessment. In the Californian residents of the
American Cancer Society cohort study?, associations were reported for NO, and any stroke
mortality and borderline significant associations for PM5 5. In the California Teachers
Study9, however, higher long-term PM1o and PM, 5 exposure were not associated with
cerebrovascular mortality. In 232 rural districts of Japan!2 including 250 stroke deaths,
higher long-term PM1 exposure was not associated with stroke mortality. Specific
characterization of stroke into types and subtypes was available in two studies, in Shizuoka,
Japan®3 and in Denmark®. Yorifuji et all3 reported associations between NO, and mortality
from ischemic stroke and intracerebral hemorrhage but not subarachnoid hemorrhage.
Andersen et al® reported borderline significant associations between long-term NO,
exposure and ischemic stroke but not for hemorrhagic strokes and did not further subtype
hemorrhagic strokes.

Long-term air pollution exposure and hospitalization for stroke

In studies of long-term exposure to air pollution and hospitalization for stroke, higher
exposure at home addresses was also associated with higher risk of admission for stroke in
some studies, but results were less consistent than for stroke mortality (Table 2). Most
commonly reported pollutants included long-term exposure to PMq8: 10. 14,15,
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PMj 510: 11,16 and NO,8: 17: 18 or NO,8: 14. 15,19, 20 Many of the cohort studies reported
positive associations®' 10 11. 14, 21 \whereas ecological studies® 1% 19 and case-control
studies!’: 18 21 showed mixed results. In a random-effects meta-analysis of 11 European
cohorts1®, long-term PM, 5 was associated more strongly associated with stroke in subjects
older than 60 years old, never-smokers and among subjects with exposure levels less than 25
pg/m3 (current annual mean air quality standard in Europe). Studies that compared long-
term air pollution exposure and hospital admissions according to specific stroke type
reported positive associations for NO,, CO and traffic density and admissions for both
ischemic and hemorrhagic strokel? in Edmonton, Canada whereas NO,8: 20 in Denmark or
NO,1 in London, UK demonstrated associations consistent with ischemic stroke but not
hemorrhagic stroke. Two studies from Scania, Sweden!”: 18 only including hospital
admissions for ischemic stroke observed associations between higher long-term exposure to
NOy and higher risk of hospital admission for ischemic stroke in participants with diabetes
but found no association in the overall population, in smokers, or in participants with
hypertension or atrial fibrillation. A recent population-based cohort study in Denmark
studying long-term NO» and traffic noise exposure and stroke incidence reported positive
associations for ischemic stroke in separate analyses for both noise and NO5 but in
combined analyses NO, was only associated with fatal ischemic strokes20.

Short-term Air Pollution Exposure

Day to day differences in air pollution exposure in the days preceding stroke are used to
study possible triggering effects of air pollution on stroke. In time-series analyses, daily
counts of stroke deaths or admissions are compared with air pollution levels on the same day
or preceding days in a study region. In case-crossover analyses exposure levels preceding
stroke mortality or hospitalization in an individual are contrasted with control periods within
the same calendar month within each individual controlling for season and day of week and
perfectly matching time-invariant patient characteristics by design.

A number of studies have investigated associations between short-term exposure to air
pollutants including PM1g, PM> 5, CO, NO,, SO, and O3 and stroke mortality or
hospitalizations for stroke in many cities in North America, Europe and East Asia. Mean
levels of pollutants varied considerably between study locations from low polluted cities like
Dijon, France (daily mean PMq 20 pg/m3) to highly polluted cities like Wuhan, China
(daily mean PMyg 119 pg/m3).

Short-term air pollution exposure and stroke mortality

A majority of studies investigating short-term exposure to air pollution and stroke mortality
have been time-series studies?2-36, the remainder used case-crossover design37-41, A
qualitative summary of the studies is provided in Table 3 (for detailed estimates please see
Table I http://stroke.ahajournals.org). Most studies do not differentiate between ischemic
and hemorrhagic stroke mortality. Several studies reported associations between short-term
exposure to particle matter, including several size fractions, or gases and any stroke
mortality. Only a few studies further characterized stroke into ischemic and hemorrhagic
stroke mortality24 33-35. 38 Short-term exposure to particulate matter and gases were
associated with both ischemic stroke and hemorrhagic stroke. In Tokyo34 the risk increase
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for subarachnoid hemorrhage mortality per 10 pg/m3 PM, 5 or NO, was roughly double the
risk increase for ischemic or intracerebral hemorrhage mortality. It is possible that these
hemorrhages may have more precise temporal relationship between air pollution exposure
and the timing of stroke onset leading to less exposure misclassification and more precise
estimation of the association#2. Stronger associations between short-term air pollution
exposure and stroke mortality were observed in elderly?® 30, women2> and individuals with
a history of diabetes*! or cardiac disease®8 in some but not all studies.

Short-term air pollution exposure and hospitalization for stroke

Summary

Studies of short-term air pollution exposure and hospitalization for any stroke have reported
mixed results*3-63, However, in contrast to studies investigating short-term exposure to air
pollution and stroke mortality that typically use death certificate data, some studies of
associations with hospital admissions for stroke have had more data on stroke type. These
studies have reported associations between PM1*® 46.64.65 pM, 566-68 plack carbon®®,
COP®1. 58,64 NO,43.58,64,68 and 046269, 70 and ischemic stroke (Table 4, for detailed
estimates please see Table Il http://stroke.ahajournals.org). A majority did not observe
associations between air pollutants and hemorrhagic stroke?#®: 58. 62, 65,69 yjth a few
exceptions®®: 57. 63,64, 71 including one study that specifically investigated days in Taiwan
polluted by Asian dust storms originating from the Gobi desert®3. Of the studies with
specific data on subtype of ischemic stroke, PM1q, PM> 5 and O3 were associated with
strokes characterized as large-artery atherosclerotic strokes, small-vessel occlusions, lacunar
strokes or TIAs rather than cardioembolic strokes#6: 67-69, Stronger associations were
reported for recurrent ischemic strokes or history of stroke®8 70, in individuals with diabetes
or on diabetes medication®”: 79, and with one or more cardiovascular risk factors% 70, A few
studies reported stronger associations between O3 and ischemic stroke in men than
women®2: 69. 72 Ajr pollution on warm days was more strongly associated with both
hemorrhagic and ischemic stroke in Taiwan®4. Associations between air pollution and
ischemic stroke were stronger in the warm season in Edmonton, Canada®® and Dijon,
France’? in contrast to Wuhan®1 where associations were stronger in the cold season.
Differences may reflect better exposure classification due to time spent outdoors in climates
like Edmonton, Canada but may also be due to seasonal interactions between pollutants.

The current evidence suggests exposure to higher levels of air pollutants related to
combustion increases the risk of stroke. Studies of both long-term and short-term air
pollution exposure suggest consistent evidence of increased risk of ischemic stroke and
moderately consistent evidence supporting an association with hemorrhagic stroke. A few
studies exploring susceptible subgroups have indicated stronger associations in individuals
with several cardiovascular risk factors, diabetes, previous stroke and of older age. A
recently published meta-analysis focusing on short-term air pollution exposure and stroke
incidence or mortality reported significant associations for PM5 5, PM1g, SO,, CO, NO,, and
04 for stroke with stronger associations for ischemic stroke’3.

Because much of the existing literature is based on linkage of administrative data, an
important limitation of many available studies is limited ability to classify and validate
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specific stroke outcomes. Ischemic stroke and hemorrhagic stroke and their subtypes have in
the majority of studies been analyzed as a combined outcome despite the clear possibility
that air pollution may affect underlying pathophysiologic pathways differently. Only some
have separately analyzed ischemic stroke and hemorrhagic stroke and a handful have
considered subtypes of ischemic stroke or hemorrhagic stroke. Similarly only a handful used
thorough chart reviews and/or adjudicated the diagnosis and onset time of stroke. This
highlights the need for high-quality validated diagnostic characterization of stroke outcome
in studies of air pollution. In a study of short-term air pollution exposure and stroke
specifically investigating the bias introduced through misclassification of time of event of
stroke found that incorrect temporal classification caused up to 66% bias towards the null42,
This may be especially relevant in mortality studies where the date of death from death
certificates is used while not accounting for the time between stroke onset and death. In
studies of long-term exposure to air pollution, the ability to investigate associations with
stroke is dependent on the validity and resolution of the spatial exposure assessment and the
adequate control for confounders related to both air pollution at place of residence and the
risk of stroke, in particular socioeconomic factors.

There is growing evidence to suggest that both accumulated exposure to higher air pollution
over a period of years and higher mean levels over a period of days increase the risk of
stroke. In addition to improving temporal classification of exposure by validating stroke
onset time, future research efforts should be directed to careful characterization of stroke
subtype because air pollution may variably affect the different pathophysiological pathways.
Air pollution exposure and increased risk of stroke may represent a considerable public
health problem and regulations have improved air quality in many countries in Europe and
the US, resulting in greater life expectancy’4. Yet associations with stroke have been
reported at levels in compliance with current standards?6: 68 highlighting the continued
importance of effective regulation and monitoring in high income countries as well as
extending efforts to address regulation in low and middle income countries where levels of
air pollution and prevalence of stroke are on the rise.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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